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5 min, room temperature [RT] ). All the supernatant (~30 µl) was transferred to a clean, pre-149 labelled tube and stored at -20°C until used. 150 151 PCR assays. Two nested PCR-RFLP assays that target the hypervariable region of the 18S 152 rRNA gene were used for species identification. The first assay (locus 1) was a nested assay 153 of the 18S rRNA gene fragment of ~435bp (7), modified from previous publications (11, 12) 154 since the outer primers N18SF2/R2 showed non-specific amplification of DNA from the 155 dinoflagelate Gymnodinium (Nichols and Smith, unpublished observations) making them 156 unsuitable for the detection of Cryptosporidium in water. After extensive analysis of the18S 157 gene sequence, the forward WR494F (24) and reverse XR1 (26, 27) primers were selected as 158 alternative outer primers to nest the CPB-DIAG primers for the following reasons: a) they had 159 high homology with all Cryptosporidium species / genotypes known to be infectious to 160 humans, b) high return hits with Cryptosporidium by BLASTn search, c) low homology with 161 dinoflagelate species and d) no PCR amplification in our laboratory tests with Gymnodinium 162 DNA. The new outer primer combination yields a primary amplicon that varies in size 163 according to the species / genotypes and is 982bp for C. parvum. 164
The second 18S rRNA gene nested PCR-RFLP assay (locus 2) amplifies a final gene 165 fragment of ~840 bp and was performed according to previous publications (26, 27) . RFLP 166 analyses of locus 1 (11) and locus 2 (26, 27) were as described previously. 167 PCR master mix set up was performed in a designated laboratory in an UV pre-168 sterilised hood. Each reaction was performed in either 50 or 100 µl containing pre-mixed 169 reagents at final concentrations of 200 µM of each of the four dNTP's; BSA at 400 µg ml -1 ; 170 at the concentration specified for each assay in 1x PCR buffer IV (ABgene, UK). Platinum ® Taq DNA polymerase high fidelity (Invitrogen, UK) was also employed in some instances to 175 generate amplicons for sequencing according to the manufacturer's instructions. Five or 3 µl 176 of DNA template (lysate defrosted at RT) were mixed (vortexing 10s), pulsed in a 177 microcentrifuge (2,000 × g, 10s) and used for first round amplification. Three negative 178 controls were set up for each PCR run: one using the water designated for preparing the 179 master mix (performed in the laboratory designated for pre-PCR manipulations) and two 180 using LB (performed in the laboratory designated to DNA extractions). The first LB negative 181 control was set up before dispensing the test samples and the second was set up after all the 182 test samples for an individual PCR run were dispensed. One C. parvum (Iowa isolate) positive 183 control of a known DNA concentration was set up as the final sample. Secondary PCRs were 184 set up by transferring 5 or 3µl of primary PCR to 100 µl total reaction volume (performed in 185 the post-PCR laboratory). Primary and secondary PCR amplifications were performed in 186 Applera thermocyclers model 9700 following published amplification step-cycle protocol for 187 locus 2 (26) . For locus 1 the primary PCR amplification consisted of initial denaturation 188 (95°C, 5 min) followed by 35 cycles of 94°C (30s), 60°C (30s) and 72°C (45s), followed by 189 extension (72°C, 10 min) and soaking (4°C). The secondary amplification followed the 190 
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The number of samples in each water type differed as we analysed all oocyst positive 261 drinking water samples but only a proportion of oocyst positive raw water samples over the 262 course of the year. Of 1042 slides, 648 amplified with at least one of the PCR assays. PCR at 263 locus 2 successfully amplified DNA from 419 slides, of which 210 (50.1%) and 209 (49.9%) 264
were from raw and final waters, respectively. PCR at locus 1 amplified more samples (577) of 265 which 281 (48.7%) and 296 (51.3%) were from raw and final waters, respectively (Table 1) . 266 267 PCR outcome and oocyst numbers on slides. Table 1 occurring alone and 9 as mixtures). The opposite was also observed i.e. 10.6% of slides (n = 301 90) did not appear to contain large / oval oocysts however, the PCR-RFLP patterns were of C. 302
andersoni (67 as a species alone and 23 in mixtures). This species also appeared in mixtures 303 with other species / genotypes (n = 22). When it was possible to unravel the patterns of 304 mixtures, C. andersoni occurred with C. parvum (n = 9), C. baileyi (n = 2), C. muris (n = 1), 305
Cryptosporidium ferret genotype (n = 1), C. parvum and C. muris (n = 1), C. bailey (n = 1), or 306 C. parvum and C. baileyi (n = 1). The second most common species was C. parvum (11.2%; 307 Table 2 ). This species also occurred in mixtures with other species / genotypes (n = 21). C. 308 parvum occurred with C. hominis (n = 3), C. bovis (n = 1), C. ryanae (n = 1), or with non-309 identifiable species / genotypes (n = 3). C. ubiquitum was the third most common species / 310 genotype identified (7.2%; Table 2 ). 311
At locus 2 (AseI and SspI restriction digests) 5 new RFLP patterns were identified 312 (SW1-5) which do not conform to any known RFLP pattern ( Figs. 1 and 2 ; Table 3 ). The 313 main characteristics of SW1-SW4 RFLP profiles on gel were the presence of a high band with 314 SspI of variable sizes (shown to be undigested amplicon by comparing cut and uncut 315 amplicons run side by side on gel; data not shown). The AseI profile yielded either 3 bands 316 (SW1 and SW3) or 2 bands (SW2 and SW4) ( Fig. 1; Table 3 ). The RFLP pattern of SW5 317 (Fig. 2 ) appeared only once in drinking waters. Although the components of a mixed sample 318 could not always be identified with certainty we observed that the putative new genotypes 319 named Cryptosporidium sp. SW1 to SW4 appeared frequently mixed in raw (n = 31) and 320 drinking (n = 101) waters ( Cryptosporidium species / genotypes in drinking waters. A very high proportion of 326
Cryptosporidium positive drinking water samples analysed (18.9%) contained a mixture of 327 two or more species / genotypes (n = 112) identified by RFLP patterns. Some species and 328 genotypes in mixtures could be identified accurately (Table 2) . 329
C. ubiquitum was the most frequently identified genotype in drinking waters (n = 74; 330 12.6%), (Table 2 ) and was identified alone in 26 samples by RFLP at locus 2 (one sample was 331 confirmed by sequencing the amplicom from locus 1). The remaining samples were negative 332 at locus 2 and were identified either by sequencing (22 samples) or by SpeI digestion (26 333 samples) of the amplicon from locus 1. Nineteen sequences were identical to GenBank 334 sequence accession number AF442484 (2) and three sequences were characterised by having 335 the variant that showed the AT nucleotide deletions at positions 691-692 of the complete 336 sequence AF442484. C. ubiquitum also appeared in mixtures 16 times (Table 2 ) and when it 337 was possible to unravel the patterns it was mixed with C. parvum (n = 5), with C. baileyi (n = 338 3), Cryptosporidium muskrat type II (n = 1), Cryptosporidium sp. SW1 (n = 1), and 339
Cryptosporidium sp. SW4 (n = 1). 340 C. parvum and C. andersoni were the second and third most frequently observed 341 species in drinking waters (4.3 % and 4.1%, respectively; Table 2 ). C. andersoni also 342 appeared in mixtures with other species / genotypes (n = 11). Where we identified the patterns 343 in mixtures, C. andersoni appeared with C. parvum alone (n = 3), with C. parvum and C. The fourth most common species / genotype that occurred in drinking waters was the 356 novel Cryptosporidium sp. SW1, (n = 18; 3%), (Table 2) . Of these, 10 samples were 357 identified by the RFLP pattern at locus 2 (Fig. 1, lane 1 The Cryptosporidium sp. SW2, (n = 10; Table 2 ) pattern was identified in samples by 363 the RFLP pattern at locus 2 (Fig 1, lane 2; Table 3 ). Sequences from three isolates from 364 independent PCR replicates were sequenced (see sequence analysis section). 365 C. bovis (n = 6) occurred in 1% of drinking water samples (Table 2) ; their identity was 366 identified by RFLP at locus 2 following MboII digestion. Cryptosporidium muskrat genotype 367 II alone (n = 18; 3.2%) was also identified by RFLP at locus 2 (3 of these were confirmed by 368 sequence analysis at locus 1), in 1 sample identified by sequence analysis only and in 9 369 samples that contained this genotype in mixtures (Table 2) . C. xiaoi was identified by 370 sequencing the amplicon from locus 2 (slide 05.1309.D) with only two nucleotidesubstitutions (both from T to C) in a 772bp sequence that was compared with sequences from 372
GenBank database (accession numbers FJ896046, FJ896050). The putative novel genotype 373
Cryptosporidium sp. SW5 (isolate 05.1513.R) identified by RFLP at locus 2, appeared once in 374 drinking waters. The RFLP of this isolate is similar to the muskrat genotypes (Fig. 2) replicates obtained from 3 of the 25 slides i.e. one species was amplified preferentially to 381 another in the PCR replicates (example in Fig. 3, lanes A1, A2, and A3) , ii) homogeneous 382 results was obtained from 10/25 slides i.e. the amplification of the same mixture of species 383 was obtained in all sets of replicates (example in Fig.3, lanes B1, B2, and B3) , and iii) in 384 11/25 slides either one or two species were amplified in all replicate PCR tubes but some 385 tubes contained amplicons from an additional species (example in Fig 3, lanes C1, C2, and  386 
C3). 387
The amplification of one species preferentially was observed in 12% of replicates (n = 388 25) and the amplification of all the mixture of species / genotypes in replicates was observed 389 in 84% of samples (n = 25). 390 391 Sequence analysis. To characterise putative novel genotypes locus 2 amplicon sequences 392 were obtained from isolates with Cryptosporidium SW1 -SW5 patterns (Table 3; Figs. 1 and  393 2). The RFLP patterns seen on gel were confirmed by cutting the obtained sequences, albeit 394 incomplete partial sequences, with the relevant RE ( Table 3 ).
The identity of the new sequences was confirmed as Cryptosporidium by Blastn 396 search of the GenBank database but no identical matches were found. The new sequences of 397 SW1, 2, 3 had low similarity (97-98%) with Cryptosporidium muskrat genotype I, SW4 had 398 very low identity (94%; 775/822) with isolate BB, W6 from storm waters (GenBank 399 accession number AF262331) (26) Two sequences were isolated from slide 05.1586.V that initially presented the single 422 RFLP pattern of SW4 at locus 2 (Table 3 ; Fig. 1, lane 4) Fig. 4; Table 3 ). C. ubiquitum was 430 identified by further PCR-RFLP at locus 2 and by sequencing the PCR product from locus 1 431 (100% identity with isolate AF442484 on 365bp that were compared). C. bovis was identified 432 by PCR-RFLP at locus 2 (Fig. 4) and by sequencing the locus 2 amplicon from independent 433
PCRs. Two independent PCRs from isolate 05.1586.Va that demonstrated only the SW4 434 pattern on gel were sequenced and the consensus sequence analysed by comparison with other 435
Cryptosporidium sequences in a phylogenetic tree (Table 3 ; Fig.5) . 436
The phylogenetic relationship of these sequences to each other and to various 437
Cryptosporidium species and genotypes sequences retrieved from GenBank is shown in Fig.  438 20 individual drinking water samples were C. parvum (4.3%) and C. hominis (1.3%). Minor 470 human-infectious species detected in drinking waters were C. ubiquitum (12.6%) and C. 471 muris (0.3%). All species that occur in cattle: C. parvum, C. andersoni, C. bovis and C. 472 ryanae were also present in Scottish waters at varying frequencies (Table 2) . 473
The occurrence of species other than C. parvum in the environment is well recognised. 474
Xiao et al. (27, 28) reported the presence of Cryptosporidium spp. in 27 of 29 storm water 475 samples in the USA, mainly wildlife Cryptosporidium genotypes. In contrast, the most 476 common genotypes / species found in surface waters were C. parvum, C. hominis and C. 477 andersoni, with C. andersoni reported to be the most commonly found in wastewater (8 478 samples). However, RFLP patterns indicated mixed populations and sequence analysis of the 479 amplicons indicated that only 4 genotypes had 100% homology with previously known 480 sequences. A more recent study on storm waters that incorporate these findings, reported that 481 94.4% (n = 107) of samples analysed from 3 watersheds in New York were linked to animal 482 sources (7). In total, 22 Cryptosporidium species and genotypes were identified, but only 11 483 of the identified species/genotypes could be attributed to known species / groups of animals: 484
Cryptosporidium opossum I, muskrat I and II, deer, snake and skunk genotypes and C. Repetitive PCR-RFLP approaches will amplify predominant species preferentially, 521 since the 18S rRNA primers are genus specific. We found that the amplification of a single 522 species, preferentially, was observed in 12% of replicates (n = 25) and is probably due to 523 stochastic sampling of low concentration DNA (22) whereas the amplification of all species/ 524 genotype mixtures in the replicates was observed in 84% of slides (n = 25). The number of 525 oocysts enumerated on our slides varied from 1-260; however, the positive outcome of PCR 526 re-amplifications was not directly related to the number of oocysts enumerated. The multi-527 PCR analysis described on the selected samples (5 and 3 µl of DNA) was of limited value in 528 separating mixed RFLP patterns into recognisable individual species/genotypes patterns 529 however, the use of varying, smaller volumes of DNA (1 and 2 µl) was useful in 'isolating' 530 recognisable RFLP patterns for sequencing. From one slide that contained 5 oocysts it was 531 possible to identify the presence of 3 species / genotypes by sequencing and RFLP analysis of 532 PCR products that included known and unknown genotypes, demonstrating the sensitivity of 533 the techniques used in this study. 534
Novel sequences that may represent new genotypes were found in SW. They showed 535 low homology (97%) with the Cryptosporidium muskrat genotype I and variants previously 536 described from storm waters and muskrats in the USA. One isolate that gave a RFLP pattern 537 similar to the fox and muskrat genotypes may represent a new genotype. Hosts excreting 538 these oocysts are not known but are most likely wildlife / feral animals. 539
The temporal and geographical distribution of these species in Scotland and the 540 association of Cryptosporidium species with potential contributors to environmental 541 contamination will be presented elsewhere. 542 sequencing (excludes samples that yielded weakly-positive amplification). 640 b SW initial microscopic examination of these slides reported that 11 contained one oocyst 641 each, two contained three oocysts each and one slide contained eight oocysts. Slides that were 642 not genotyped (n = 11) included one slide from which a weak PCR amplification was 643 obtained (SW reported one oocyst present on this slide) and 10 slides that gave no 644 amplification (SW reported that 3 slides contained no oocysts, 6 slides contained one oocyst 645 each and one slide contained 8 oocysts). 646 
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